I. INTRODUCTION
Plasma instabilities associated with a beam of electrons are extensively discussed in the literature. Discussions are usually based upon the model that the beam electrons possess a displaced Maxwellian distribution function
where uϭp/mc is the normalized momentum, m and c being the mass of a given particle species, and the speed of light in vacuo, respectively, A is an appropriate normalization constant, ␣ b represents the momentum dispersion, and u b is related to the average drift velocity v b by u b ϭ(v b /c)(1 Ϫv b 2 /c 2 )
. Using this model distribution, one can readily show that Langmuir waves are excited, when the beam speed is sufficiently high.
Strictly speaking, however, this model distribution is valid only if the background plasma is quiescent. Thus, it may not be appropriate for the study of plasma processes near the Sun because high level of intrinsic hydromagnetic turbulence exists pervasively in solar-terrestrial environments. One of the consequences is that enhanced hydromagnetic waves can result in pitch-angle scattering of electrons, and such a process can in turn significantly modify the beam electron distribution function. Considering such an effect, it was shown in Ref. 2 that Bernstein waves can also be excited. In the discussion presented in Ref. 2, it is proposed that Eq. ͑1͒ be replaced by a model distribution of the form,
where AЈ is the normalization constant, u is the magnitude of the momentum vector, and ϭu ʈ /u is the cosine of the momentum space pitch-angle, u ʈ being the component of the momentum parallel to the ambient magnetic field. In the above, the effects of pitch-angle scattering by low-frequency hydromagnetic waves is implicitly modeled by the parameter ␦, which is presumed to be proportional to the level of the turbulence in some unspecified manner. Here we reiterate that the simple Maxwellian beam of the form ͑1͒ is stable for Bernstein waves, whereas the modified beam ͑2͒ can excite these waves. An explanation of the significance of this work is perhaps in order.
As is well-known, there are two types of waves whose wave vectors lie perpendicular to the ambient magnetic field, namely, the extraordinary and ordinary modes. When thermal effects are ignored, extraordinary mode reduces to fast (X) and slow (Z) modes.
1 In addition to X and Z modes, a thermal plasma can support electrostatic Bernstein waves, 3, 4 which can be considered as part of the extraordinary mode in the quasi-electrostatic limit.
2, 5, 6 An important point is that there exist numerous ''windows'' at gyroharmonic frequencies via which Bernstein waves can be converted to fast (X) mode. Such a conversion is likely to be a natural consequence of a plasma immersed in a nonuniform magnetic field. From the standpoint of radiophysics, the excitation of Bernstein waves and subsequent linear mode conversion to electromagnetic waves 7 constitute an entirely new mechanism to produce radio emission, which has not been considered before.
In passing, we ought to remark that applications of Bernstein waves for a number of problems concerning laboratory, space, and astrophysical plasmas have been discussed in the literature. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] However, the physical situations considered in these works are different from that of interest to us. We are particularly interested in the situation in which the ratio of plasma to electron gyro-frequencies is much higher than unity, pe 2 /⍀ e 2 ӷ1 ͑for reasons which will be explained subsequently͒. Most of the previous works deal with fairly low ratios, pe 2 /⍀ e 2 ϳO(1). In dealing with such a situation, one is confronted with a number of numerical difficulties, including the fact that one has to solve a large number of roots from the Bernstein wave dispersion relation, involving high harmonic range. To deal with high gyroharmonic modes, an approximation scheme has been devised in Ref. 2, in which information on detailed harmonic structures associated with the solution of the dispersion relation is retained only for a few harmonics in the close vicinity of the plasma frequency, while higher and lower harmonics are smoothed out.
To be specific, take the electrostatic Bernstein wave dispersion relation
where rϭ pe 2 /⍀ e 2 , xϭ/⍀ e is the normalized wave angular frequency, ϭk Ќ 2 T e /m e ⍀ e 2 , k Ќ is the perpendicular wave vector component, T e is the electron temperature, a n ϭ2n 2 I n () e Ϫ /, and I n () is the modified Bessel function of the second kind of order n. Note that Ref. 2 considers fully electromagnetic dispersion relation for waves propagating perpendicular to the ambient magnetic field, since one of the purposes of Ref. 2 is to demonstrate the interconnection between the fast electromagnetic waves and the Bernstein waves. However, the above electrostatic dispersion relation is sufficient if the purpose is just to describe the wave properties of Bernstein waves. 7 The approximation scheme employed in Ref. 2 amounts to the following treatment of Eq. ͑3͒:
where N corresponds to the integer value of r While such an approximation may be quite adequate for the description of waves whose frequencies lie near the plasma frequency, i.e., xϷr 1/2 ϷN, NϮ1, it can lead to erroneous results in the computation of the growth rate, as has been pointed out later in Ref. 7 . The reason is the following. Consider the normalized linear growth rate, ⌫ϭIm /⍀ e ,
where u Ќ is the perpendicular component of the normalized momentum vector u, with respect to the magnetic field, and ␥ϭ(1ϩu 2 ) 1/2 is the relativisic mass correction factor. The detailed expression for the kernel K s (u) is given by
where rϭ pe 2 /⍀ e 2 and ϭk Ќ 2 T e /m e ⍀ e 2 as defined before, ␣ ϭT e /m e c 2 , bϭ(/␣) 1/2 u Ќ , and J s (b) is the Bessel function of the first kind of order s. It was noted in Ref. 7 that the growth of a given gyroharmonic mode, say near Nth harmonic ⌫͑xϳN ͒, is in general determined not necessarily by the harmonic mode number sϭN in the Bessel function summation in Eq. ͑5͒, but may involve distant neighboring harmonics, s N when u is sufficiently large. As a result, if one ignores the detailed harmonic structures associated with distant neighbors, then one can miss the most important contribution to the wave growth at that harmonic.
The objective of this paper is to discuss a better approximation scheme in order to facilitate the numerical computation for high harmonic numbers and large ratio of plasma to gyro-frequencies, which corrects the shortcoming of the previous method adopted in Ref. 2.
II. BERNSTEIN MODE INSTABILITY
In the present analysis, the electrons are comprised of a thermal background plus an energetic component of the form given by Eq. ͑2͒. We assume that the ratio of the beam electrons to the thermal electrons, n b /n 0 , is small. Specifically, we consider this ratio to be 10 Ϫ3 throughout the present study. We assume 200 eV background electron temperature throughout. Other physical parameters which enter the model are the beam kinetic temperature, T b ϭm e c 2 ␣ b 2 /2, the pitch-
, and the ratio of plasma frequency to electron gyrofrequency, pe /⍀ e .
Under certain conditions, relativistic effect may be important for the Bernstein mode dispersion relation. [23] [24] [25] However, in the present case such effects on the real part of the dispersion relation are insignificant. Thus we will follow the traditional nonrelativistic approach 5, 6 and adopt Eq. ͑3͒, whereas relativistic effects are necessary for the discussion of the growth rate ͓see Eq. ͑5͔͒.
In order to justify and describe the new approximation scheme to be utilized, we start by presenting a full numerical solution obtained from Eqs. ͑3͒ and ͑5͒, for pe /⍀ e ϭ20. . Other parameters are T e ϭ200 eV, T b ϭ500 eV, ␦ϭ0.5, n b /n 0 ϭ10 Ϫ3 , and v b /c ϭ0.3. The real frequencies are shown in Fig. 1͑a͒ , which are well known, at least in small harmonic number range-e.g., see Refs. 5 and 6. We note that the electrostatic approximation utilized is justified-for the range of k Ќ e values considered in the calculation, the condition k 2 c 2 Ӷ pe 2 is satis-fied. Figure 1͑b͒ shows the corresponding growth rates, multiplied by a scaling factor of 100. We have not plotted the negative portion of the growth rates. Also, a constant integer n has been added to each value of the growth rate corresponding to an nth mode, in order to avoid superposition in the plot, and to facilitate the one-to-one correspondence between the real frequency and the corresponding growth rate.
From Fig. 1͑b͒ , we see that the most unstable mode corresponds to nϭ20, while modes nϭ21 and nϭ22 are progressively less unstable, and the instability virtually disappears in this scale for modes higher than nϭ23. The maximum value of the growth rate occurs for nϭ20, and is seen to be ␥ max Ӎ5.0ϫ10 Ϫ2 . We have evaluated the solution of the dispersion relation up to harmonic nϭ40. That is, we have kept nϭ1 to nϭ40 in the summation in Eq. ͑3͒. For the evaluation of the growth rate, however, we have kept 50 harmonics in the summation appearing in Eq. ͑5͒, i.e., s summation runs from sϭ1 to sϭ50.
We now point out that if one connects the peaks of the bell-shaped Bernstein wave dispersion curves above the plasma frequency, as depicted in Fig. 1͑a͒ , the resulting effective dispersion curve can be approximately represented by the dispersion relation of the well-known Langmuir waves in an unmagnetized plasma, i.e.,
where De 2 ϭT e /(4ne 2 ) is the square of the electron Debye length. The approximation is very good, particularly near the plasma frequency, as shown in Fig. 2͑a͒ , where both the exact and the approximate dispersion relations are plotted for the purpose of comparison. In Fig. 2͑b͒ , we also present the growth rates, which are calculated on the basis of the two dispersion relations, and multiplied by the same scaling factor of 100.
To further test this aproximation, we consider the case of pe /⍀ e ϭ10 and v b /cϭ0.4 in Fig. 3 , with other parameters as in Figs. 1 and 2 , and in the same format. It is seen from Fig. 3͑b͒ that in this case, the mode corresponding to n ϭ10 is excited, with maximum growth rate ␥Ӎ2.0ϫ10
Ϫ2 . Mode nϭ11 also appears to be unstable, but with a much lower growth rate. It is noteworthy that even for the present case of pe /⍀ e ϭ10, the approximate scheme still provides a reasonably accurate description for the real frequency and the growth rate, although the predicted unstable range of k Ќ e is narrower than that the exact solution. Note also that the approximate scheme gives a slightly lower value for the maximum growth rate.
The case of pe /⍀ e ϭ5 and v b /cϭ0.5, with other parameters fixed as in Fig. 1 , is shown in Fig. 4 . The growth rates, which in this case are multiplied by a factor of 10 3 , are shown in Fig. 4͑b͒ . Mode nϭ5 is shown to be unstable, with ␥ max Ӎ7.0ϫ10
Ϫ3 . Mode nϭ6 also appears to have a small growth rate. The small growth for mode nϭ7 is almost negligible when compared with the other two modes. As the readers can see, the approximate scheme is not accurate for this case, even though it still can be considered useful from a qualitative point of view.
The above results lead us to conclude that the approximate scheme based upon Eq. ͑7͒, namely, to replace the Bernstein mode disperison relation by the unmagnetized electrostatic ͑Langmuir͒ mode dispersion relation, becomes better as the magnetic field gets weaker, i.e., increasing value of pe /⍀ e . Conversely, the scheme becomes progressively inaccurate for decreasing values of pe /⍀ e . In this sense, the case pe /⍀ e Ϸ5 can be taken as a lower limit for this approximation scheme. In conclusion, for low values of the ratio pe /⍀ e , the calculation of the growth rates should use the full dispersion equation.
With the above limitation in mind, we next consider sys- tematic variations of physical parameters. First, in Fig. 5 we consider the case of pe /⍀ e ϭ20 and vary the average beam speed v b /c from 0.1 through 0.6, while other parameters are fixed as in Fig. 1 . In Fig. 5͑a͒ we present the approximate real frequency as prescribed by Eq. ͑7͒. In Fig. 5͑b͒ рv b /cр0.6. Finally, a remarkable feature is that excitation of waves at multiple harmonics of the cyclotron frequency is possible for a range of the beam speeds. Take v b /cϭ0.3 for instance. Maximum excitation occurs for waves with Ӎ20.2 ⍀ e , but a less intense excitation also occurs for Ӎ21.2 ⍀ e . A third peak of excitation may also occur, although with much smaller growth rate. We now repeat the same calculation as in Fig. 5 , but for pe /⍀ e ϭ10. The results are displayed in Fig. 6 in the same format as in Fig. 5 . Note that the periodic ridge-like structure in Fig. 6͑b͒ is qualitatively similar to that shown in Fig. 5͑b͒ . However, there are some marked differences. For instance, the unstable range of k Ќ e has become narrower and less extended. Also, instead of 3 to 4 multiple ridges in Fig. 5͑b͒ , only a couple of bands are seen in Fig. 6͑b͒ . We continue the computation to the limiting case of pe /⍀ e ϭ5. The results are shown in Fig. 7 . The trend that for decreasing values of pe /⍀ e the unstable structures move toward higher values of the drift velocity, observed in the cases of pe /⍀ e ϭ20 and pe /⍀ e ϭ10, is also observed here. For this lower density case, however, only one unstable band is observed for the range of beam velocities considered.
In order to shed more light on the parametric dependence of the instability, we show in Fig. 8 the growth rates versus pe /⍀ e ranging between 10 and 25, for v b /cϭ0.6 and other parameters as in Fig. 1 . As before, we have enhanced the growth rates by multiplying by a factor of 60.
The outcome is a series of unstable bands in the parameter space, k Ќ e Ϫ pe /⍀ e . Note that the waves do not grow in any appreciable manner beyond k Ќ e у4, and that the instability disappears for pe /⍀ e у22.
The unstable ridges shown in Fig. 8 are largely consistent with the sawtooth-like structures associated with the maximum growth rate plot against pe /⍀ e shown in Ref. 2. In that reference, however, the unstable Bernstein waves were shown to be operative for pe /⍀ e up to 45 or so. As discussed in the Introduction, the results obtained in Ref. 2 is likely to be erroneous as a result of the incorrect treatment of the problem. In short, the earlier range of the parameter pe /⍀ e for which the present Bernstein maser-beam instability is operative appears to have been overestimated. FIG . 4. The same as Fig. 2 except that the case of pe /⍀ e ϭ5 and v b /cϭ0.5 are considered and compared against the approximate treatment. ͑a͒ Real frequency and ͑b͒ growth rates. For this case of relatively low frequency ratio, the approximation becomes rather poor. Thicker lines represent the approximation. In this case, the peak growth rate corresponds to ␥ϳ7.0 ϫ10 Ϫ3 .
FIG. 5. ͑a͒
Real frequency evaluated from Eq. ͑7͒, and ͑b͒ growth rates versus k Ќ e , for pe /⍀ e ϭ20 and for series of increasing v b /c, between 0.1 and 0.6. Other parameters as in Fig. 1 . The peak growth rate in the plot corresponds to ␥ϳ3.2ϫ10 Ϫ2 .
We have repeated the same calculation as in Fig. 8 , but for somewhat lower beam speed, namely, v b /cϭ0.2. The results are plotted in Fig. 9 in the same format as in Fig. 8 , except that the growth rates are enhanced by a factor of 30. The results, when compared with Fig. 8 , are in overall qualitative agreement. The notable difference is that the range of unstable k Ќ e appears to be shifted toward higher values, and the unstable range of pe /⍀ e also appears to be somewhat broadened. The primary motivation for this analysis regarding the dependence of the instability growth rate on the ratio pe /⍀ e is its applicability to the problem of type III radio bursts in the solar corona. Free energy source of the instability is in the stream of fast electrons produced during solar flares. As these electrons travel along open magnetic field lines near the surface of the Sun out toward interplanetary space, they will encounter regions of increasing pe /⍀ e . Near the corona, this ratio is estimated to be of the order 10 or so, but near 1 a.u., pe /⍀ e can be as high as 50 or even 100. As we have seen, the present analysis shows that the instability ceases to be operative for pe /⍀ e у22, which places the limit of applicability of the present mechanism in the context of solar radio bursts.
In Fig. 10 , we vary the pitch-angle parameter ␦ from 0.1 to 2.1, with other parameters as in Fig. 1 , except that the beam speed of v b /vϭ0.3 is chosen. The multiplicative factor of 3 is used in order to enhance the growth rates. As the readers see, the growth rate generally increases in a monotonic fashion as the pitch-angle spread parameter ␦ increases. We note that ␦ larger than ϳ2 is unlikely to be realized in actual situations. In Fig. 11 we show the dependence of the growth rate on the momentum dispersion associated with the beam distribution function, which is modeled by the parameter T b . Figure  9 is generated for T b ranging from 200 to 600 eV. Physical parameters are such that pe /⍀ e ϭ20, v b /cϭ0.6, and other parameters as in Fig. 1 . The growth rate for each value of T b is multiplied by a factor 2ϫ10 3 , and the value of the beam temperature is added to it in order to avoid the piling up of curves along one horizontal axis. It is seen that the growth rates increase as the beam temperature is decreased.
The discussion presented in the preceding discussion is restricted to Bernstein waves propagating in exactly perpendicular directions. At this point it is appropriate to briefly discuss the effects of small but finite k ʈ on the growth rate. In Fig. 12 , we have plotted the growth rates of Bernstein waves versus k Ќ e and k ʈ e , for the same set of physical parameters as in Fig. 1 , except that v b /cϭ0.3 and the scaling factor of 0.1 are used. It is seen that the growth rate gradually decreases in magnitude and the range of k Ќ e as k ʈ e increases in the negative direction. On the other hand, for increasing k ʈ e , both the magnitude and the unstable range of k Ќ e associated with the present Bernstein growth rate increases.
In Fig. 13 , we plot the same growth rate curves as in Fig.  12 with the same set of physical parameters, except that the beam speed corresponding to v b /cϭ0.6 is adopted, and the scaling factor is unity. As the figure shows, for this case of higher beam speed, the near-perpendicular propagation, k ʈ e Ϸ0 represents the most unstable case, and the mode stabilizes as k ʈ e increases in magnitude in both the positive and negative directions. Thus, there appears to be no simple conclusion to discuss the behavior of the present maser instability with a finite and small k ʈ .
III. DISCUSSION AND CONCLUSIONS
In this study we have discussed the instability of thermal extraordinary-mode Bernstein waves excited by energetic electrons which possess a net drift along the ambient magnetic field, and which feature a partial spherical shell-like configuration in momentum space as a result of ͑presumed͒ pitch-angle scattering by low-frequency Alfvénic turbulence. The instability operates on generalized Bernstein harmonic modes with characteristic k Ќ e of order unity or higher. We have paid special attention to situations where the ratio pe /⍀ e is relatively high, since the motivation for the present work stems from the application in the solar and interplanetary radio emission process. For such an application the ratio pe /⍀ e is of the order 10 or so near the corona and can be as high as 50 or even 100 near 1 a.u. The traditional explanation for solar metric radio bursts relies on nonlinear conversion of Langmuir waves, excited by a beam of electrons, into transverse electromagnetic waves. 26, 27 The instability which we have discussed in this paper is also driven by a beam of electrons, but the two instabilities are very distinct from each other. While the present instability excites near-perpendicular wave modes, the usual bump-on-tail instability predominantly excites electrostatic wave propagating nearly parallel to the ambient magnetic field. Note that, for all cases considered, the excited modes are located above the plasma frequency, and have positive derivatives regarding the parameter k Ќ e . Therefore these excited waves can be converted to the fast X-mode, provided that the ratio pe /⍀ e increases adiabatically as the wave propagates away from its source. As we have already pointed   FIG. 13 . The same as in the previous figure, except that the beam speed v b /cϭ0.6 is adopted. The peak growth rate corresponds to ␥ϳ5.0ϫ10 Ϫ3 .
FIG. 11. ͑a͒ Real frequency evaluated from Eq. ͑7͒, and ͑b͒ growth rates versus k Ќ e , for T b ranging from 200 to 600 eV. Other parameters as in Fig. 1 . The peak growth rate corresponds to ␥ϳ3.0ϫ10 Ϫ2 .
FIG. 12. Growth rates of Bernstein waves against k Ќ e and small but finite parallel wave vector component, k ʈ e , for the same set of parameters as in Fig. 1 , except that v b /cϭ0.3. The peak growth rate corresponds to ␥ ϳ3.0ϫ10 Ϫ2 .
out in a previous work, 7 these thermal extraordinary Bernstein modes excited above electron plasma frequency may suffer mode conversion to escaping radiation, if they travel toward the region of increasing magnetic field and plasma density ͑toward the Sun͒.
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